Abstract: One commonly thinks that two reactants need to come very close to one another in order for a chemical reaction to occur. This is true for most reaction types, but electron transfer is an exception in this regard. It is a well-documented fact that electron transfers can occur over long distances (≥15 Å), but it is much less wellknown that theory predicts a regime in which electron transfer rates increase with increasing distance between reactants. This contribution explains the physical origin of this counter-intuitive behavior, and it identifies a set of conditions that might facilitate its experimental observation.
Introduction
Chemical reactions commonly require collisional encounters between reactants. Electron transfer is an exception because the low mass of electrons permits longrange reactions between distant donors and acceptors. In many enzymes, electron transfer takes place between reactants that are separated by ≥15 Å. [1, 2] In artificial systems, electron transfer processes occurring over ≥25 Å have been observed. [3] With increasing donor-acceptor separation, electron transfer rates (k ET ) usually decrease, [4] but theory predicts a regime in which k ET increases with increasing distance. [5, 6] The purpose of this article is to introduce this counter-intuitive effect to a broader readership.
A well-known and experimentally very thoroughly investigated outcome of electron transfer theory is the so-called inverted driving-force effect (Fig. 1) . [7] At a given donor-acceptor distance (r DA ), electron transfer rates increase with increasingly negative reaction free energy (∆G ET 0 ) until they reach a maximum at which -∆G ET 0 is equal to the reorganization energy (λ). Upon further increase of the driving-force, k ET decreases. This effect was initially predicted by theory, [7, 8] and later verified by many experimental studies. [9] [10] [11] The maximum in k ET at -∆G ET 0 = λ originates in the nuclear factor (κ n ) of the Marcus equation for electron transfer rates (Eqn. (1)). κ n is evidently a Gaussian function of ∆G ET 0 , and it is called 'nuclear' factor because it captures the response of nuclei (of donor, acceptor, and solvent molecules) to the electron transfer event (in the form of the reorganization energy λ). = λ where the reaction is in fact barrierless. In experiment, the decrease of k ET in the inverted regime (-∆G ET 0 > λ) is often less pronounced than expected based on Eqn. (1) due to so-called nuclear tunneling effects, [9] but this is of minor importance here.
Aside from the nuclear factor (κ n ), a frequency factor (ν n ), and an electronic factor (κ el ) govern k ET in the semi-classical limit (Eqn. (2)). [12] k ET 
The frequency factor is equivalent to the collision frequency factor of the Arrhenius equation, whereas the electronic factor takes the interaction between distant donors and acceptors (H DA ) into account. ). The reorganization energy (λ) was arbitrarily chosen as 1 eV in this picture. Upper part: Reaction and product potential energy wells (f r , f p ) in the normal (left), activationless (middle), and the inverted regimes (right). The inverted driving-force effect is well explored and understood.
In Eqn. (6) , D op and D s are the optical and static dielectric constants of the solvent, respectively. The former is connected to the refractive index (η) by the relationship D op = η 2 . (D op basically describes how solvent molecules respond to the oscillating electric field generated by optical wavelengths). From Eqn. (6) it is evident that λ o increases with increasing D s (increasing solvent polarity) and with increasing r DA . In Fig. 2 , the distance dependence of λ o is shown for CH 3 CN (η = 1.3341, D s = 35.7) and reactant radii of a 1 = a 2 = 4 Å.
Under these conditions, Eqn. (6) predicts an increase of λ o from 0.94 eV to 1.63 eV between van-der-Waals contact (8 Å) and 30 Å. Qualitatively, the increase of λ o with increasing r DA can be understood on the basis of more isolated point charges resulting from electron transfer over longer distances, and consequently the solvent dipole -charge interaction increases with increasing donor-acceptor distance. There are also more sophisticated models that treat the reactants as ellipsoids, [17] but the results in Fig. 2 are quite typical.
Thus, there are two opposing effects that influence the distance dependence of k ET : (i) the decrease of H DA with increasing distance (Eqn. (4)), and (ii) the increase of λ o with increasing distance (Eqn. (6)). and a value with increasing donor-acceptor distance is frequently neglected. [16] In most cases, this is unproblematic because the exponential distance dependence of H DA (Eqn. (4)) is dominant. However, there can be scenarios in which the distance dependence of the reorganization energy plays a decisive role. There are in fact two contributions to the overall reorganization energy, called inner-(λ i ) and outer-sphere (λ o ) reorganization energies (Eqn. (5)). [7] 
The inner-sphere contribution describes the energy cost associated with nuclear reorganization occurring on the donor and acceptor moieties as a consequence of electron transfer, for example bond length changes. Solvent molecules around the donor and acceptor respond to the charge redistribution which is associated with electron transfer, and the energy which is necessary for solvent reorientation is the outer-sphere contribution to the overall reorganization energy. While λ i is essentially distance independent, λ o is a function of the donor-acceptor separation and solvent polarity. λ o frequently makes the dominant contribution to the overall reorganization energy.
In the simplest model describing the distance dependence of λ o , electron donor and electron acceptor are assumed to be spheres with radii a 1 and a 2 , separated by the distance r DA (Eqn. (6)). [7] (6)
According to superexchange theory, [13] H DA can be nonzero even when donors and acceptors are separated by ≥15 Å because bridging units (covalent linkers or intervening solvent molecules) can mediate long-range electronic coupling. Since hydrogen atom-like wavefunctions have radial parts that (at sufficiently large distance from the nuclei) drop off exponentially with increasing distance, orbital overlaps decrease exponentially with distance as well. This causes an exponential distance dependence of H DA (Eqn. (4)).
is the electronic coupling at contact distance (r 0 ) between reactants, and β is the so-called distance decay parameter. Because k ET ∝ H DA 2 (Eqns (2), (3)), exponential distance dependences of k ET are frequently observed experimentally, both in biological and artificial systems. Exponential distance dependences are in fact typical for so-called superexchange tunneling, a process in which the electron tunnels through a barrier imposed by the intervening medium (covalent bridging units or solvent molecules) between the donor and the acceptor. [4] When the intervening medium becomes redox-active itself, electrons (or holes) can hop over the barrier and k ET decreases less steeply with distance. [3, 14] Regardless of whether tunneling or hopping is considered, the common experimental observation is a decrease of k ET with increasing distance. One of the direct consequences of electron transfer theory is that there can be scenarios in which k ET increases with increasing distance, and this has been pointed out a long time ago. [5, 6, 15] However, experimental evidence for this peculiar behavior is virtually non-existent, and consequently this effect is not well known. In the following chapters we will explain its physical origin, and we will identify a set of conditions that might favor its experimental observation.
Distance Dependence of the Reorganization Energy λ
The distance dependence of k ET is often solely attributed to the distance dependence of H DA , and the fact that the reorganization energy (λ) can change significantly . Under these conditions, k ET decreases nearly exponentially with increasing distance, with a minor deviation from strictly exponential decay behavior at short distances. This deviation stems from the distance dependence of the nuclear factor (κ n ) which is relatively weakly distant dependent at ∆G ET 0 = -1.0 eV (dashed line in Fig. 4a) . The dominant contribution to k ET comes from the ν n ⋅κ el term (dotted line in Fig. 4a ) at all distances. In other words, the distance dependence of H DA (Eqn. (6)
In the inverted driving-force regime at ∆G ET 0 = -2.0 eV, the distance dependence of the nuclear factor (κ n ) begins to play a decisive role, particularly at short distances (dashed line in Fig. 4b ). Now κ n exhibits qualitatively different behavior from the situation at ∆G ET becomes less negative). The increase of κ n is particularly steep at relatively short distances, because in this regime the distance dependence of λ o is steepest (Fig.  2) . Over the distance range between 8 and 11 Å, κ n increases by more than two orders of magnitude (dashed line in Fig. 4b ), while the decrease of ν n ⋅κ el over the same distance range (dotted line in Fig. 4b ) is close to one order of magnitude. Since k ET is the product of κ n and ν n ⋅κ el (Eqn. (2)), the consequence is a maximum of k ET at 11 Å (solid line in Fig. 4b ), significantly beyond van-der-Waals contact distance (8 mind that the y-axis in Fig. 3 is logarithmic hence the magnitude of this predicted effect is substantial.
Distance Dependence of k ET in Normal and Inverted Regimes
As seen from Fig. 3 , one expects fundamentally different distance dependences of k ET depending on whether a reaction occurs in the normal or inverted drivingforce regimes. It is useful to consider the two specific scenarios marked by the dotted vertical lines in Fig. 3 to get more quantitative insight.
The distance dependence of k ET at ∆G ET 0 = -1.0 eV is represented by the solid line in Fig. 4a . It was calculated using Eqns of 0.8 Å A constant inner-sphere reorganization energy (λ i ) of 0.1 eV was assumed, a small value compared to the λ o values calculated in Fig. 2 .
The driving-force parabolas in Fig. 3 shift towards the bottom right corner as the donor-acceptor distance (r DA ) gets longer, [18] and it is easy to understand why: As H DA decreases with increasing r DA (Eqn. (4)), k ET must decrease because k ET ∝ H DA 2 (Eqns (2), (3)), shifting the parabolas down. As λ increases with increasing distance (Eqns (5), (6)), the maxima of the parabolas shift to the right because the barrierless point (i.e. maximal k ET ) is reached when -∆G ET 0 is equal to λ (Eqn. (1), Fig. 1 ).
It is evident from Fig. 3 that at constant driving-force, very different distance dependences of k ET should be observable depending on the exact value of ∆G ET 0 . The two vertical dotted lines in Fig. 3 illustrate this aspect. The first line is drawn at ∆G ET 0 = -1.0 eV, which is close to the activationless point of the parabola calculated for r DA = 8 Å but clearly in the normal regime (-∆G ET 0 < λ) for the two other parabolas (r DA = 11, 21 Å). There is nothing peculiar to observe in this regime, k ET simply decreases with increasing distance. The second vertical line in Fig. 3 is drawn at ∆G ET 0 = -2.0 eV, which is in the inverted region (-∆G ET 0 > λ) for all three parabolas. One immediately notices that k ET is now larger at r DA = 11 Å than at r DA = 8 Å. In other words, the calculated rate for electron transfer increases with increasing donor-acceptor distance. It should be kept in Fig. 3 . Driving-force dependences of k ET for three different donor-acceptor distances (r DA ). The calculations were performed using Eqns (1)- (6) (1)- (6) and the same set of input parameters as for Fig. 3 . The curves in (a) were calculated for ∆G ET 0 = -1.0 eV, the curves in (b) were obtained for ∆G ET 0 = -2.0 eV (i.e. the two drivingforces marked by dotted vertical lines in Fig. 3 ).
this process occurs in the normal regime. Once the products have been formed, they can diffuse away from each other, but as the distance between them increases, the rate for the undesired charge-recombination event actually increases because this process occurs in the inverted regime (solid line in Fig. 5) . Consequently, the effect frequently occur in the inverted regime in which -∆G ET 0 > λ. Fig. 5 illustrates how this set of conditions can be problematic for obtaining efficient photoinduced charge separation in bimolecular reaction systems: The desired photoinduced process has its rate maximum at close contact between reactants (dotted line), because Å). Thus, between 8 and 11 Å, the distance dependence of k ET is dominated by the distance dependence of λ o , and the electronic coupling (H DA ) only plays a dominant role at longer distances.
The solid lines from Fig. 4 are shown on linear scales in Fig. 5 . The difference between the distance dependences of k ET at the two different driving-forces (∆G ET 0 = -1.0 eV dotted line; ∆G ET 0 = -2.0 eV solid line) becomes particularly evident in this representation. Obviously, the precise location of the rate maxima is dependent on the specific properties of the donor/solvent/ acceptor combination, but, as noted above, the set of input parameters that leads to the calculation of the curves in Fig. 5 is by no means unusual.
The increase of the nuclear factor with increasing distance at ∆G ET 0 = -2.0 eV can easily be rationalized on the basis of the Marcus parabola in Fig. 3 . The corresponding vertical line intersects the parabola for r DA = 8 Å deeply in the inverted region where -∆G ET 0 is significantly greater than λ. As r DA increases, the intersection occurs at less and less deeply inverted points because the parabola shift to the right. This leads to reactant (f r ) and product (f p ) potential energy wells as illustrated in Fig. 6 . At r DA = 8 Å (Fig. 6a) , one is clearly in the inverted region in which the product potential well intersects the reactant potential well to the left of the minimum of the latter. Already at r DA = 11 Å (Fig. 6b) , the intersection between the two potential wells occurs significantly closer to the minimum of the reactant well, and thus the activation barrier for electron transfer decreases. This accounts for the rate increase between 8 and 11 Å. At r DA = 21 Å, the activation barrier gets even lower (Fig. 6c ), but at that point the decrease in H DA is already dominant.
Practical Implications of the Unusual Distance Dependence of k ET
The counter-intuitive distance dependence of reaction rates illustrated by Once these electron-hole pairs are formed, thermal reverse electron transfer processes leading to a recombination of electron and hole can occur, and such reactions are obviously undesired if light is to be converted into chemically useful forms of energy. Such charge-recombination events illustrated by Fig. 5 can severely limit the quantum efficiency of light-to-chemical energy conversion. The effect outlined above has been used as an argument to explain the difficulties in observing the inverted driving-force effect in bimolecular reaction systems. [6, 15] 6. Experimental Studies of Unusual Distance Dependences of k ET We are unaware of prior experimental studies which have provided direct evidence for an electron transfer rate maximum at large donor-acceptor separations due to the effect described above. As noted in the introduction, the phenomenon itself has been predicted a long time ago. [5, 6, 15] Also, the increase of λ o with increasing distance is well documented, and of course the exponential decrease of H DA has been observed numerous times. [4] However, it is not trivial to find unambiguous experimental evidence for electron transfer reaction rate maxima at large donor-acceptor separations for several reasons. For example, the donor-acceptor distance must be kept constant on the timescale of the electron transfer events if the influence of reactant separation distance on k ET is to be explored. To eliminate diffusion, frozen (glassy) matrices or covalent donor-bridge-acceptor molecules are viable possibilities, but in both cases the choice of suitable donor, bridge, and acceptor components is not straightforward when aiming to search for this effect. Moreover, the solvent plays a key role because the outer-sphere reorganization energy is of pivotal importance. In covalently linked systems, care must be taken regarding increasing π-conjugation with increasing bridge length. Prior studies of oligo-p-phenylene and p-phenylene vinylene bridged systems have reported an increase of k ET with increasing donor-acceptor distance in some selected cases, [19, 20] but this is most likely due to the increasing π-conjugation of these particular bridges when they are lengthened. [3] The decrease in HOMO-LUMO energy gap leads to smaller barriers for tunneling (stronger superexchange coupling), and in some extreme cases may even result in a changeover from the tunneling to the hopping mechanism. Thus, even when an increase of k ET with increasing distance is observed, it is not a priori clear that the observed effect can indeed be attributed to the interplay between λ o and H DA illustrated in Fig. 4b .
Factors that favor the observation of the effect described herein are the following: (i) a high driving-force (very negative ∆G ET 0 ), (ii) relatively low distance decay constant (small β). High driving-forces are readily accessible for thermal chargerecombination reactions which follow photoinduced charge-separation in covalent donor-bridge-acceptor molecules. As molecular bridges, p-xylene spacers could be well suited because the π-conjugation increases much less with increasing bridge length than in p-phenylenes and p-phenylene vinylenes, [3, 19] yet p-xylenes provide relatively low β-values. [21] It has been noted that the two-sphere model (Eqn. (6)) as well as more sophisticated models significantly underestimate the increase of the outer-sphere reorganization energy with increasing distance, at least in some cases. [16] If the increase in λ o is indeed substantially stronger than anticipated based on theory, this would be beneficial for observation of electron transfer rate maxima at large donor-acceptor separations. In this context, consideration of proton-coupled electron transfer (PCET) reactions might be useful because PCET can be associated with particularly large reorganization energies. [22] One possibility would be to use electron acceptors that can be protonated (or strongly hydrogen-bonded) by the solvent upon electron transfer, or electron donors which are deprotonated in the course of oxidation.
Note added in proof: After submission of this manuscript, we published two experimental studies in which we observed electron transfer rate maxima at large donor-acceptor distances. [23, 24] 
